INTRODUCTION
Increasing awareness of the true value of mangrove ecosystems has led to renewed efforts to protect and conserve them (Field 1999 , Macintosh et al. 2002 ) against a backdrop of widespread degradation (Field 1995) . Degradation in this context refers to a scenario where forest cover has been adversely affected by unsustainable harvesting of wood (and/or non-wood forest products) and/or conversion to other uses so that forest structure, processes, and functions are altered beyond the short-term resilience of the ecosystem (ITTO 2002) .
Natural catastrophic phenomena such as the 1997-98 El Niño can also lead to devastating mangrove degradation. During this phenomenon, massive sedimentation and impounding by water for long periods was indicated to be the cause of mangrove dieback in a number of areas along the Kenyan coast (Kitheka et al. ABSTRACT: In response to widespread global degradation of mangrove forests, many initiatives have been undertaken to reforest degraded sites. However, many of these replantings are monospecific, raising questions regarding habitat change and reduced ecological functions in mangrove plantations compared to natural mixed mangrove forests. The main objective of this study was to determine whether colonising mangrove juveniles can be recruited into the adult tree layer and thus enhance the structural complexity of previously reforested monospecific stands. Vegetation structure of originally monospecific replanted mangrove stands (Sonneratia alba and Rhizophora mucronata) that were 8 yr old was assessed. Instantaneous juvenile (seedling/sapling) diversity and abundance were determined. Adjacent natural stands were used as reference sites. The R. mucronata stand had the same species richness as its natural reference and thus had a higher Complexity Index due to recruitment of non-planted species into the adult tree population than in a previous assessment when it was monospecific. Juvenile species richness and diversity were similar between the R. mucronata stands (reforested and natural); however, the total juvenile density was significantly higher (p < 0.05) in the natural stand (7390 ± 660 juveniles ha -1 ) than in the reforested stand (2048 ± 667 juveniles ha -1 ). In contrast, the adult vegetation layer of the S. alba reforested stand remained monospecific, suggesting 100% mortality of previously observed non-planted mangrove juveniles. Many replanted mangroves around the globe are monocultures and are thus likely to have low thresholds to perturbations, as they do not benefit from the 'portfolio effect' provided in mixed species stands. Successful recruitment of non-planted species into replanted monospecific mangroves stands may therefore enhance ecosystem productivity and stability. However, more research needs to be conducted on traits of different mangrove species and their contribution to ecosystem productivity and sensitivities to environmental perturbations. With time, much ecological and socio-economic information useful for management becomes lost due to a lack of monitoring of these impacted areas.
The widespread destruction of mangroves, coupled with the increased appreciation of their ecological and socio-economic value, has led to a surge in mangrove restoration efforts worldwide (Field 1999) . Restoration is defined as the act of returning an ecosystem as close as possible to its original condition or functional state (Field 1999) . However, returning an ecosystem to its exact original condition is not realistic (Chapman & Underwood 1997) . Nevertheless, an approximation of the original system may be possible and sufficient, given that habitats are subject to a high degree of natural variation. Critical in this respect is that ecosystem functions (such as nutrient recycling, soil erosion control, habitat provision, water quality maintenance, and storm wave protection among others) be restored (Kaly & Jones 1998) . Forest restoration should thus aim at assisting natural processes of forest recovery in such a way that composition, structure, biodiversity, functions, and processes of the reforested forest will match those of the original forest as closely as is feasible (ITTO 2002) .
Unfortunately, mangrove reforestation has often been carried out by simple planting of mangrove seedlings without adequate site assessment or subsequent evaluation at the ecosystem level (Field 1999) . Moreover, for economic reasons, mangrove reforestation efforts are often limited to only 1 or 2 species. This raises questions regarding habitat change and reduced ecological function in mangrove plantations compared to natural mixed mangrove forests (Macintosh et al. 2002) . Species diversity and vegetation complexity are widely regarded as being important in enhancing the ecological functioning and resilience of an ecosystem (Heywood 1995) . Thus, mixed species stands in mangrove forests are likely to provide the ecosystem with the resilience to respond to unpredictable environmental strains such as flooding, siltation and disease outbreaks.
Structural complexity in forest stands is a function of tree species richness, among other variables (Holdridge et al. 1971 , Kairo et al. 2002 , Bosire et al. 2003 . Stand complexity is therefore likely to be low in reforested monoculture plantations relative to natural mixed forests, especially if no successful natural regeneration occurs in these stands by recruitment of other mangrove species. Post-planting monitoring on structural complexity of reforested mangrove stands is limited globally. Walters (2000) found no post-planting mangrove species recruitment in 50 yr old Rhizophora mucronata plantations in the Philippines, which suggested that no natural regeneration occurred in such replanted mangroves. While an important indicator of natural regeneration, the presence of mangrove seedlings/saplings in a forest is not a guarantee that they will be recruited into the adult exploitable vegetation layer. This study made an attempt to elucidate the link between the presence of mangrove juveniles and their likelihood of being recruited into the adult tree population. The main objective of this study was to determine whether colonising mangrove juveniles encountered in a study conducted 4 yr previously (Bosire et al. 2003) had been recruited into the adult tree layer, and thus enhanced the structural complexity of previously monospecific reforested stands.
MATERIALS AND METHODS
Study site. This study was conducted at Gazi Bay ( Fig. 1) on the southern coast of Kenya in 2 monospecific reforested mangrove stands (Sonneratia alba J. Smith and Rhizophora mucronata Lamk), which were both 8 yr old. Respective adjacent natural stands were used as references. The criteria for selection of these references were based on physical proximity, site history, and inundation class as described by Bosire et al. (2003) . The reforested stands were proximally adjacent and of the same inundation classes as their respective natural references.
Floristic composition. Phytosociological methods outlined in Cintrón & Schaeffer-Novelli (1984) were used to study vegetation structure. For the Sonneratia alba stands (reforested and natural), 3 transects parallel to the shoreline were made. Six 5 × 5 m quadrats were sampled per transect, giving a total of 18 quadrats. Tree height and diameter at breast height (dbh) measured as D 130 (Brokaw & Thompson 2000) for all trees with diameter greater than 2.5 cm were measured. For the Rhizophora mucronata stands, 2 transects perpendicular to the shoreline were laid out and 9 random 5 × 5 m quadrats made, also giving a total of 18 quadrats. From the data generated, absolute tree density, basal area, and frequency were calculated. Relative derivatives (density, dominance, and frequency) of these absolute values were computed from which the importance values (IV) of the stands were calculated (IV was calculated as the sum of relative frequency, dominance and density). Complexity index (CI) was calculated according to Holdridge et al. (1971) . This index combines all the measured forest structural attributes (stem density and D 130 calculated into basal area, mean height, and number of species) and serves as an indicator of the overall structural development of a stand.
Linear regeneration sampling (Srivastava & Bal 1984 ) was used to sample all trees with diameter less than 2.5 cm, classified as juveniles, into the following regeneration classes (RC) based on height: RC1 < 40 cm, RC2 40-150 cm, RC3 > 150 cm (Stoddard & Stoddard 1987 ). RC1 and RC2 were considered seedlings, whereas RC3 were treated as saplings. The species and abundance of mangrove seedlings/saplings in the above quadrats were identified and counted. This study was conducted from January to May 2002.
Statistical analysis. Levene's test of equality was used to test homogeneity of variance of the dependent variables across stand effects. Data sets were log transformed for normalization. Analyses of tree densities, basal areas, and pooled RC densities within and between species (Sonneratia alba and Rhizophora mucronata) were analysed with ANOVA (single factor; replication with fixed effect). Multiple comparisons among stands (reforested and natural) were analysed with Tukey's Honestly Significant Difference (HSD) test. Individual RC densities between species and stands were analysed using the univariate general linear model (GLM) 3-way ANOVA. Species diversity was calculated with the Shannon-Wiener diversity index (Kent & Coker 1992) and differences tested with t-test.
RESULTS
The Sonneratia alba reforested stand was monospecific, whereas its natural reference had 2 species (S. alba and Avicennia marina [Forsk.]) in the adult tree layer. The adult tree population in the Rhizophora mucronata reforested stand had the same species richness and identity as its natural reference (Table 1) except for 1 species which occurred in one stand and not the other.
Rhizophora mucronata was the dominant species (Table 1) both within its reforested and natural stands in terms of basal area (97 and 75%, respectively) and stem density (97 and 84%, respectively). As a result, this species had the highest IV in both stands (i.e. 279 and 221 for reforested and natural stands, respectively). Within species, stem densities were higher (p < 0.05) in reforested stands. The converse was true of basal areas (Table 2) . Reference stands were structurally more complex (higher CIs) than reforested stands; between the 2 reforested stands, R. mucronata had a higher CI than Sonneratia alba. The same was also true for natural stands.
Juvenile (seedlings/saplings) colonisation in terms of species, density, and successive RCs into the different stands varied (Table 2 ). The Sonneratia alba reforested stand had a significantly higher (p < 0.05) juvenile density (5704 ± 647 ha ). Juvenile species diversity was similar (p = 0.358) between the reforested and natural stands of R. mucronata (H = 0.129, J = 0.284 and H = 0.102, J = 0.224, respectively). Species richness of juveniles between these R. mucronata stands was also similar, as was the case for the adult trees. Between the S. alba stands, juvenile species richness and diversity were significantly higher (p < 0.05) in the reforested stand (H = 0.333, J = 0.536) than in its natural reference (H = 0.109, J = 0.257). The canopy species were the most abundant juveniles in their respective stands, with R. mucronata being the second most abundant species in the S. alba stands.
DISCUSSION
The Rhizophora mucronata reforested stand had a lower juvenile density than its reference, but with similar species diversity, suggesting that in terms of floral diversity, the reforested stand is functionally developing into a natural forest. However, the regeneration potential of the reforested stand is low, even though it is adjacent to the natural stand, which can act as a source of propagule supply. The reforested stand also reproduced for the first time during the study period, which rules out propagule supply as a regeneration constraint, in addition to other factors such as unfavorable hydrodynamics and desiccation. Bosire et al. (2005a) found propagule predation to be the main factor regulating natural regeneration in this high density plantation. Sesarmid crabs, which play a critical role in litter degradation and propagule predation, are a major faunal component in this stand (Bosire et al. 2004) . Propagule predation has been found to be more intense under closed canopies (Clarke & Kerrigan 2000) , and thus seems to reduce resource competition in this high density stand by regulating natural regeneration (Bosire et al. 2005a ). Propagule predators prefer dense canopies over canopies with gaps and, as a result, seedling performance is better in canopies with gaps in some cases (Clarke & Kerrigan 2000) . Silvicultural management by thinning will be necessary to open up the canopy, reduce competition and thus enhance natural regeneration, reproductive maturity, and overall structural development.
Higher species richness of adult trees in the Rhizophora mucronata reforested stand led to a higher CI than in the Sonneratia alba reforested stand, even though they were of the same age, suggesting that successful floristic recruitment has led to greater structural development in the former. In a previous study, Bosire et al. (2003) observed that the R. mucronata stand had a significantly lower CI (0.3) than the S. alba reforested stand (2.4). However, the latter stand had a higher basal area than the former in both studies, which can be attributed to the higher growth of S. alba (Kairo 1995) . The higher species richness of adult trees in the reforested stand of R. mucronata suggests that the juveniles recorded by Bosire et al. (2003) 4 yr ago were recruited into the adult tree population, leading to the higher CI of 2.91 instead of 0.3. This was not the case in the S. alba reforested stand, implying that survival of juveniles recorded in this stand during the past study (although of significantly higher density than 
Rhizophora mucronata
Reforested Rhizophora mucronata 3022 ± 228 (97) 4.9 ± 0.4 (97) 100 (85) 279 4.7 ± 0.2 2.91 Bruguiera gymnorrhiza 63 ± 63 (2) 0.1 ± 0.1 (2) 6 (5) 9 Ceriops tagal 9 ± 9 (0.3) 0.04 ± 0 (1) 6 (5) 6 Sonneratia alba 9 ± 9 (0.3) 0.01 ± 0 (0) 6 (5) 6 Sum 3102 (100) 4.99 (100) 118 (100) Table 1 . Absolute (and relative) adult tree density, basal area (and derived % dominance), and absolute (and relative) frequency of mangrove species in natural and reforested stands. Relative values are expressed as %, whereas averages are means ± SE those in the R. mucronata stand) was either poor due to long hours of submergence and barnacle infestation (Kairo 1995 , Kitaya et al. 2002 , or that growth rates are low in this inundation regime. Therefore, it may be necessary to conduct seedling establishment and population structure experiments in this S. alba plantation in order to determine the performance of recolonising species. The higher CI and/or diversity of recruited species in the R. mucronata reforested stand suggests that successful natural regeneration in reforested monospecific plantations is playing a significant role in enhancing stand structure of this originally monospecific stand. Successful recruitment of other mangrove species (i.e. other than the crown species) into the adult tree layer may not occur in the Sonneratia alba reforested stand, suggesting that it may remain monospecific in the long term, similar to its natural reference. The natural S. alba forest had a lower CI than the natural Rhizophora mucronata stand in both studies due to higher species richness in the latter. Our findings therefore suggest that in terms of structural development, the reforested stands are likely to follow the pattern observed in their respective natural controls.
Results from the previous study by Bosire et al. (2003) and the present study confirm that natural regeneration is severely limited in the Sonneratia alba natural stand. An adjacent denuded site has been difficult to successfully replant because of shifting sand (Dahdouh-Guebas et al. 2004, J. O. Bosire pers. obs.) and a very unstable substrate, suggesting that the whole area requires special management approaches. This may include zoning it for protection from further exploitation so that it can form a buffer strip on the sea front.
Species diversity and composition are important attributes as they enhance both ecosystem productivity and stability (Tilman & Downing 1994 , Wardle & Zackrisson 2005 . Multi-species mangrove stands are therefore likely to have wider niche differentiation than monocultures and thus increased total resource use, which in turn may provide a variety of trophic pathways likely to support richer faunal communities compared with single species stands. Multi-species stands can also provide the ecosystem with insurance against perturbations (the portfolio effect, where risk is spread), as different species are likely to have varying environmental sensitivities (Chapin et al. 1997 , Loreau et al. 2001 sources, and these traits affect trophic structure and influence ecosystem stability. This biotic heterogeneity is absent in monoculture mangrove stands, especially when recruitment of non-conspecifics is not successful relative to that in natural mixed species forests. Therefore, we recommend that the approach of establishing mixed species stands be adopted (where such species combinations occur naturally) when replanting degraded mangrove sites, and that the effects of such species mixes on ecosystem productivity and stability be empirically determined. More research will need to be conducted on mangrove species biotic traits and their effects on ecosystem functioning and response to disturbances. However, caution should be used when generalising any results ensuing from such mixed species mangrove plantation experiments across sites, because environmental factors (which vary among sites) exert a lot of influence on ecosystem processes in tandem with species traits. Although seedling recruitment and subsequent stand complexity in reforested stands of both mangrove species are varied (and present similar scenarios as those in natural references), other ecosystem functions (e.g. biodiversity, litter degradation, and nutrient regeneration) of these stands observed during previous studies at the same plantations (Fig. 2) suggest that they are developing towards natural (functional) mangrove forests. Previous studies (Bosire et al. 2004 , Crona & Ronnback 2005 , Crona et al. 2006 on mangrove biodiversity have indicated higher mollusc, crab, sediment-infauna and macroalgae colonization and greater usage as nurseries by fish (e.g. Sonneratia alba)) in these reforested stands -comparable to conditions in natural controls -in contrast to respective bare (denuded) controls that were found to be impoverished. Litter degradation and C:N ratio dynamics in these reforested stands have also been enhanced (Bosire et al. 2005b ). The broken arrow between 'Mixed/Monospecific forests' and 'Functional mangrove forest' in Fig. 2 suggests the need for further monitoring to assess the structural development of these stands and recovery of other ecosystem processes, especially after thinning. 
